OBJECTIVES: Minimally invasive aortic valve replacement (Mini-AVR) is a technically advanced procedure. However, it results in equivalent operative mortality, less bleeding and reduced intensive care/hospital stay when compared with conventional AVR. Our aim was to assess the impact of trainee performance on short-term outcomes of patients undergoing elective and urgent Mini-AVR where a significant proportion were performed by trainees.
INTRODUCTION
The conventional and 'gold standard' approach in the treatment of aortic valve disease is aortic valve replacement (AVR) performed through a full, median sternotomy [1] . Data reported from the Society of Thoracic Surgeons database showed an overall operative mortality and stroke rate for isolated AVR of 2.6 and 1.4%, respectively [2, 3] . Similarly, in the UK, The Society for Cardiothoracic Surgery in Great Britain and Ireland reported an overall mortality rate of 1.7% in 2013 [4] .
The first minimally invasive AVR (Mini-AVR) was performed via right thoracotomy in 1993 by Rao and Kumar [5] . Since then, the most common minimally invasive approach remains an upper 'J' ministernotomy AVR that extends into the right, third or fourth intercostal space [6] . Other less invasive techniques include a right anterior minithoracotomy [7] , right parasternal approach from the second to the fourth costal cartilages [8] and transverse sternotomy. The main advantages of AVR performed through a ministernotomy include reduction in the need for pain relief, blood and blood product transfusion, respiratory complications, wound infections, intensive care unit and hospital stay, and better cosmesis and possibly better long-term outcomes [6, [9] [10] [11] [12] [13] .
Conversion to a full sternotomy is required in approximately 3% of procedures for technical and non-technical reasons [14] . This may result in a 10-fold increase in morbidity and mortality [14] . Advanced surgical skills, structured training, and a team approach from surgeons, anaesthetists, perfusionists and nurses are required to achieve the best clinical outcomes and minimize complications [15] .
In an attempt to standardize the training required for performing Mini-AVR, 19 surgeons from 20 institutions formed a working group to develop a standardized approach to patient evaluation, operative technique, and postoperative care and a stepwise learning programme for surgeons [2] . As more centres perform Mini-AVR, the number of isolated standard AVR cases available for training residents diminishes. The feasibility of training residents in Mini-AVR and its impact on clinical outcomes are unknown.
Despite the shift from open to less invasive surgical methods, there are no fundamentals or minimum requirements in obtaining minimally invasive techniques for trainees before certification in cardiothoracic surgery. Furthermore, many surgical trainees feel that with development of minimally invasive techniques, their operative experience is diminishing [16] . However, there are more reports in the literature about safe and improved training [17] [18] [19] [20] [21] and results in minimally invasive cardiac surgery [22] .
This study assesses the short-term outcomes of patients undergoing isolated, elective and urgent Mini-AVR where a significant proportion were performed by trainees.
MATERIALS AND METHODS

Study population
This was a retrospective, observational study of consecutive patients who underwent isolated, elective and urgent, first-time AVR at our institution from September 2005 to December 2012 by a single surgical team in a teaching hospital. From September 2005, Mini-AVR was our preferred approach and, as such, offered to all patients with no exclusion criteria. Ethical approval from the Research and Development was obtained to conduct this study.
Operative technique
Our standardized technique for Mini-AVR, for all cases, is as follows. Particular attention was given to simple and reproducible steps for training. Following general anaesthesia, transthoracic echocardiography was performed along the right sternal edge and the right atrial appendage (RAA) identified in the third/fourth intercostal space and the relevant intercostal space clearly marked. A saline bag was placed under the shoulder blades to elevate the sternum and external defibrillator pads were placed. After draping the patient, an upper J-ministernotomy was performed into the marked intercostal space. Meticulous haemostasis was performed and bleeding/injury to the right internal mammary artery checked. A custom-designed sternal retractor (MARJAN MGH, Fehling Instruments, Karlstein, Germany) was used to gently spread the sternum till both the ascending aorta and the RAA were clearly visible. The patient was then heparinized, and the pericardium opened and fixed to the skin edges. Central cannulation (ascending aorta and RAA) was performed with flexible cannulae (aortic cannula, 24F and venous cannula: Trimflex, two-stage, Edwards Lifesciences, Irivine, CA, USA) and cardiopulmonary bypass (CPB) maintained at 35°C with vacuum assistance for venous drainage. The step of insertion of a right upper pulmonary vein vent was omitted, since it proved difficult for the trainees to perform this successfully and confidently through a ministernotomy. After cross-clamping the aorta, antegrade, cold blood cardioplegic solution was delivered and an oblique aortotomy performed. The aortic valve and coronary ostia were examined and intermittent transaortic venting performed after valvectomy. The prosthetic aortic valve was implanted with interrupted mattress sutures in all cases. After closure of the aortomy, two atrial and two ventricular pacing wires were placed on the flaccid heart to improve visibility and access (to the right ventricular free wall in particular). The pacing wires were then placed through the right border of the sternum to ensure that they are not trapped on sternal closure. Deairing, aided by transoesophageal echocardiography (TOE), was then performed and the aortic cross-clamp removed.
Following decannulation and protamine administration, one chest drain was placed in the pericardium and another in the right pleural space, if this was breached. The drains were placed towards the right side to ensure they are not trapped on sternal closure. TOE was used to ensure the absence of pericardial collection right up to departure of patients from the operating theatre.
Training
There was a standardized training approach, with meticulous supervision, to ensure that adequate technical skills progression was achieved by trainees before performing Mini-AVR. Initially, the trainees performed the AVR component via full sternotomy, during combined AVR and coronary artery bypass graft surgery (CABG). Each trainee had completed a minimum of five AVRs in the wetlab ( pig hearts were used for acquiring procedural skills, not for mimicking access) and or/standard AVRs prior to Mini-AVR training. All trainees attended an international Mini-AVR training course conducted at St George's Hospital, UK.
There was no selection or randomization of cases for a trainee to perform. Trainees performing Mini-AVR ranged from early to late stages in their 6-year cardiothoracic surgery training programme. Every trainee spent a maximum of 1 year in this section of the training programme. All procedures were performed by four trainees and fully supervised, 'skin to skin', by the training surgeon (Marjan Jahangiri). The trainee was taken through the steps of the Mini-AVR. In terms of training these were divided into five parts: (i) setting up, including establishment of CPB and arresting the heart, (ii) exposure of the valve and its excision, (iii) insertion of annular sutures and the valve, (iv) deairing of the heart and weaning from bypass and (v) haemostasis and closure. Each trainee had to complete every step five times successfully in order to proceed to the next step. In case of the more senior trainees, the steps could have been achieved in the same patient. The case was considered a trainee-performed case, if more than 80% of it was performed by the trainee (native valve excision and prosthetic valve implantation had to be performed by the trainee). In this manner, more junior trainees could then acquire skills of some of the above five steps required for their progression. Therefore, all cases were predominantly performed either by an attending or trainee surgeon with no selection criteria or randomization. All operative steps that were felt not reproducible by trainees consistently and safely were omitted to simplify training progression, e.g. insertion of the pulmonary vein vent was abandoned and only trans-left ventricular outflow tract venting was performed during valve excision and implantation.
Statistical analysis
All patient and procedure data were prospectively planned and collected in an electronic database. All data analysis was performed after completion of the study period. Continuous data are expressed as the mean ± standard deviation and categorical data as percentages. Differences between the two groups were compared with the use of a χ 2 test for categorical variables and the t-test for continuous variables. All statistical analysis was performed with SPSS, version 20.0 (SPSS, Chicago, IL, USA).
RESULTS
During the study period, 205 patients with a median age of 67 years (range 29-86), underwent Mini-AVR. Logistic European System for Cardiac Operative Risk Evaluation and details of comorbidities are given in Table 1 . Seventy-four (36%) operations were performed by trainees. There were no differences in patients' demographics and comorbidities comparing attending cases with those of the trainees. There were no differences in the size or use of mechanical valves (ATS Open Pivot® Standard Heart Valve, ATS Medical, Rome, Italy) or bioprosthetic valves (Carpentier-Edwards PERIMOUNT series, Edwards Lifesciences, Irvine CA, USA; Medtronic Mosaic® aortic bioprosthesis, Medtronic, Inc., Minneapolis, MN, USA.)
Five patients required conversion to a full sternotomy for the following reasons. One patient could not be cardioverted with external defibrillator pads or small internal paediatric pads and therefore required sternotomy for using internal pads. One patient, with a small aortic root, developed coronary ostial obstruction from the prosthetic aortic valve, requiring CABG. One patient, with a bicuspid aortic valve and a normal-sized aorta, developed extensive bleeding from the aortic suture line and cannulation site, requiring replacement of the ascending aorta. Two patients developed troublesome bleeding from epicardial pacing wire sites, requiring conversion to sternotomy for haemostasis. All these cases were performed by the attending surgeon. None of these patients had any major complications in the postoperative period.
The median intensive care and hospital stay were 1 and 5 days, respectively. The postoperative complication rates are given in Table 2 . One (0.5%) patient died in hospital. He developed cardiac tamponade following epicardial pacing wire removal on postoperative day 5 and underwent emergency, complete, median resternotomy, which was complicated by multiorgan failure.
DISCUSSION
Our study shows that Mini-AVR can be performed with excellent results, low conversion rate and can safely be taught to trainees. Specifically, we have shown that Mini-AVR can be performed with a low complication rate for 'all-comers' with no exclusion criteria. This study is the first to examine the results of Mini-AVR where a significant proportion are performed by trainees. This is in contrast with larger series for minimally invasive mitral surgery where a significant operative experience is required prior to acquisition of minimal access skills. Holzhey et al. [22] have analysed 3895 operations by 17 surgeons and shown that a learning curve exists for minimally invasive surgery of the mitral valve. The number of operations required to overcome the learning curve is substantial with a turning point towards a lower complication rate typically after 75-125 operations. Each of the 17 surgeons had at least 2 years of independent clinical operating experience with at least 40 previous mitral valve operations performed via a sternotomy. Although there are numerous technical differences between minimally invasive aortic valve and mitral valve surgery, there is a paucity of studies assessing training and the learning curve for minimally invasive cardiac surgical procedures. There are no assessment tools or studies to address competency in minimally invasive cardiac surgery. Furthermore, competency in minimally invasive cardiac surgery is not defined in the USA and UK curricula. With increasing number of minimally invasive operations, and with concerns of trainees for obtaining appropriate skills not just during their training, but also those that they can translate in their future independent practices, newer training techniques are needed.
In an analysis of procedures performed by graduating general surgical residents in the USA over a 13-year period, there was a significant rise in the number of laparoscopic procedures and a drastic decrease in the number of open procedures [23] . In general, the only difference was the longer time taken by the resident to complete the procedure. Similarly, in our study trainees' cross-clamp and bypass times were longer, but still within an acceptable range. In a survey of 284 general surgery residents, 90% felt that they could be comfortable performing basic laparoscopic procedures as opposed to only 8% performing advanced procedures [16] . Furthermore, 47% felt that there was no standardized minimally invasive curriculum designed in their training programme.
There are several methods of increasing experience with minimally invasive surgery, including a surgical skills lab with animal hearts and endoscopic simulators to increase general experience with minimal access surgery. These methods are more established in general surgery and those specialities involving laparoscopic surgery. However, even in these specialities, it appears that an intensive period of minimally invasive surgical experience is adequate for training purposes, but does not provide an intense enough experience to prepare a confident and proficient trainee who can establish independent practice following certification [24] . In cardiac surgery, we have not defined methods of assessment in minimally invasive surgery in wetlabs and with simulators and the number and parts of procedures required for proficiency. With static training paradigms, limited and shorter training programmes, omissions of general surgery from training, integrating a period of research with animal work and using all opportunities, like endoscopic vein harvesting, which is the domain of surgical assistants, should help increase operative experience.
The outcomes reported in this study compare favourably with other larger published series [6, 7, [9] [10] [11] [12] [13] 25] . In particular, the cross-clamp and CPB times remain low compared with recent larger series [6, 7, [9] [10] [11] [12] [13] 25] , despite one-third of the cases being performed by trainees. In one of the largest reported series on Mini-AVR, Tabata et al. [14] showed a significantly higher mortality and postoperative complications when Mini-AVR was converted to full sternotomy due to intraoperative complications. In our study, 5 patients required conversion to full sternotomy due to technical and non-technical reasons. Although the ascending aorta can be replaced through a ministernotomy, in our centre so far, we have only performed isolated AVR through a ministernotomy. In this particular case (Mini-AVR for bicuspid aortic valve with aortic stenosis and a normal-sized aorta), there was extensive bleeding from the aortic suture line and cannulation site. As the aorta was friable, we felt it was safer to convert to full sternotomy. However, there was no mortality or increased morbidity in these patients.
Trainees in cardiac surgery are confronted with the need to gain experience in minimally invasive surgical techniques. Senior surgeons face a dilemma with regard to their duty to deliver the highest possible standard of care to their patients against their duty to teach trainees. Studies such as this are important to monitor and assess trainee performance, encourage training and to reassure patients that good clinical outcomes are being achieved.
Our study had some limitations. It was based on the retrospective analysis of our institutional, prospectively planned and collected database. To reduce the effect of treatment selection bias and potential confounding in the present observational study, we attempted a propensity score-matching analysis but this generated less than 70 comparable pairs. As the complication rates were so low (see Table 2 ), there was no difference in outcomes with or without propensity matching. Although this was a nonrandomized study with no attempt for case selection for trainees, there was no difference in the baseline characteristics of the patients. Therefore, we chose to present the data of all the patients. It is possible that a potential source of bias might be the mindset of the postoperative care team, who, consciously or not, could treat Mini-AVR patients differently (fewer transfusions, early extubation and discharge) because of the small incision.
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